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Studies of recombination-dependent replication (RDR) in the T4
system have revealed the critical roles played by mediator proteins
in the timely and productive loading of specific enzymes onto
single-stranded DNA (ssDNA) during phage RDR processes. The T4
recombination mediator protein, uvsY, is necessary for the proper
assembly of the T4 presynaptic filament (uvsX recombinase coop-
eratively bound to ssDNA), leading to the recombination-primed
initiation of leading strand DNA synthesis. In the lagging strand
synthesis component of RDR, replication mediator protein gp59 is
required for the assembly of gp41, the DNA helicase component of
the T4 primosome, onto lagging strand ssDNA. Together, uvsY and
gp59 mediate the productive coupling of homologous recombina-
tion events to the initiation of T4 RDR. UvsY promotes presynaptic
filament formation on 3* ssDNA-tailed chromosomes, the physio-
logical primers for T4 RDR, and recent results suggest that uvsY also
may serve as a coupling factor between presynapsis and the
nucleolytic resection of double-stranded DNA ends. Other results
indicate that uvsY stabilizes uvsX bound to the invading strand,
effectively preventing primosome assembly there. Instead, gp59
directs primosome assembly to the displaced strand of the D
loopyreplication fork. This partitioning mechanism enforced by the
T4 recombinationyreplication mediator proteins guards against
antirecombination activity of the helicase component and ensures
that recombination intermediates formed by uvsXyuvsY will effi-
ciently be converted into semiconservative DNA replication forks.
Although the major mode of T4 RDR is semiconservative, we
present biochemical evidence that a conservative ‘‘bubble migra-
tion’’ mode of RDR could play a role in lesion bypass by the T4
replication machinery.

Bacteriophage T4 provides an excellent model system for
biochemical and genetic studies of recombination-

dependent replication (RDR), because DNA replication and
recombination are closely coupled throughout much of the
phage life cycle. After infecting a host Escherichia coli cell, T4
first replicates its genome via an origin-dependent replication
initiation pathway. This pathway is shut off after a few rounds of
replication, after expression of the T4 uvsW RNAyDNA heli-
case, which resolves R loops required for origin function (1). T4
then relies on a recombination-dependent mechanism to initiate
DNA synthesis, and this pathway accounts for a large fraction of
the total DNA synthesis observed during T4 infection. In the T4
RDR pathway (reviewed in refs. 2 and 3), branched recombi-
nation intermediates generated by the phage homologous re-
combination machinery are captured and converted into semi-
conservative DNA replication forks. T4 RDR requires all of the
major phage-encoded DNA replication and recombination en-
zymes including: gp43 (DNA polymerase), gp45 (sliding clamp),
gp44y62 (clamp loader), gp32 [single-stranded DNA (ssDNA)
binding protein or ssb], gp61 (primase), gp41 (DNA helicase),
gp59 (helicase loader; replication mediator protein or RMP),

uvsX (general recombinase), uvsY (recombination mediator
protein or RMP), and gp46y47 (recombination exonuclease).

T4 RDR in Vitro: Mechanisms and Questions
Work in the Bruce Alberts laboratory led to the reconstitution
of a purified in vitro system that reproduces major elements of
T4 RDR (refs. 4 and 5; J. Barry, M. L. Wong, and B. Alberts,
personal communication). Fig. 1 shows the enzymatic steps in
the T4 RDR in vitro reaction. The priming event that initiates the
leading strand synthesis component of RDR is catalyzed by the
T4 RecA homolog, uvsX protein. UvsX forms a presynaptic
filament on a ssDNA ‘‘primer,’’ which, during T4 infection,
usually consists of a 39 ssDNA tail formed during origin-
dependent replication of the phage linear duplex. Formosa and
Alberts (4), using a linear piece of ssDNA in place of the tailed
primer, found that uvsX catalyzes the invasion of the ssDNA 39
end into a homologous duplex. Under physiological conditions,
this reaction also requires the T4 uvsY and gp32 proteins; their
roles in recombination are described below. The resulting D-
loop structure contains a primed template capable of initiating
DNA synthesis by the T4 DNA polymerase holoenzyme. Addi-
tion of holoenzyme plus either of two T4 DNA helicases (dda or
gp41ygp59) results in extensive leading strand DNA synthesis,
initially by a conservative, ‘‘bubble migration’’ mechanism. The
initiation of lagging strand synthesis reconstitutes a standard
semiconservative replication fork, leading to the cessation of
bubble migration synthesis. Lagging strand synthesis in the RDR
in vitro system requires not only the phage primosome (gp41
helicase 1 gp61 primase), but an additional factor as well: the
gp59 protein, which we describe in detail below. The strict
requirement for gp59 to reconstitute lagging strand synthesis in
the RDR in vitro reaction mirrors the dependence of RDR
processes on gp59 in vivo.

Biochemical studies of T4 RDR made possible by this in vitro
system have revealed some of the key mechanistic features of the
RDR pathway (refs. 4 and 5; J. Barry, M. L. Wong, and B.
Alberts, personal communication). First is the strict require-
ment, under physiological conditions, for an RMP protein
(uvsY) to promote the uvsX-catalyzed initiation of leading
strand synthesis via the D loop-forming mechanism mentioned
above. Second is the requirement for another mediator protein
(gp59) to initiate the lagging strand synthesis component of
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RDR. Third is the intriguing observation, diagrammed in Fig. 1,
that the synthesis of Okazaki fragments always occurs on the
displaced strand of the D loop, and not on the 59 extension of the
invading ssDNA. The latter point indicates that primosome
loading must be strand-specific within the T4 RDR enzymatic
machinery, implying that spatial and temporal partitioning of
enzyme-DNA assembly processes must occur. The mechanism of
strand-specific primosome assembly during T4 RDR is the major
focus of this article. Evidence indicates that mediator proteins
gp59 and uvsY both play critical roles in maintaining the proper
partitioning of where enzyme-DNA complexes are assembled,
therefore we begin with a review of the biochemical properties
of these RMPs and their specific roles in T4 RDR processes.

Role of UvsY Protein in Assembly of the T4 Presynaptic
Filament
The T4 uvsY protein mediates homologous recombination by
promoting the assembly of uvsX-ssDNA presynaptic filaments.
The biochemical properties of uvsY include the following: At
physiological salt concentrations, uvsY protein exists predomi-
nantly as a hexamer of identical 15.8-kDa subunits (6). Inter-
estingly the uvsX protein also appears to exist as a hexamer in
solution (J.L. and S.W.M., unpublished results). UvsY binds
tightly but noncooperatively to ssDNA (7) and has weaker
affinity for double-stranded DNA (dsDNA). It exhibits specific
protein–protein interactions with other T4 recombination pro-
teins including uvsX, gp32, and gp46y47 (ref. 8; Table 1). UvsY
stimulates the DNA strand exchange activity of uvsX protein and
is essential for uvsX activity at elevated concentrations of salt
andyor gp32, conditions that approximate the physiological
situation encountered by the T4 recombination system in vivo
(8–11). The latter observation explains the apparent codepen-
dence of T4 RDR processes on wild-type uvsX and uvsY gene
function in vivo. In the T4 RDR in vitro system, uvsY dramat-
ically lowers the critical concentration of uvsX protein required
for initiating the leading strand synthesis component (5). UvsY
carries out two important functions that enable it to stimulate
uvsX-catalyzed recombination events (9, 12): (i) uvsY helps
uvsX displace gp32 from ssDNA, a reaction necessary for
proper formation of the presynaptic filament; and (ii) uvsY

interacts with and stabilizes uvsX-ssDNA filaments after they are
assembled.

To catalyze the strand invasion event that initiates RDR, the
uvsX recombinase must first form a presynaptic filament on the
primer strand. To do so, uvsX must displace gp32, a protein with
much higher affinity for the ssDNA. UvsY plays a critical role in
promoting this displacement reaction (Fig. 2A). Due to its
abundance, high affinity, and cooperativity, gp32 rapidly satu-
rates all ssDNA generated during T4 infection. Nucleating
uvsX-ssDNA filament assembly on a preexisting gp32-ssDNA
complex is a kinetically slow and thermodynamically unfavorable
reaction. UvsY appears to lower this kinetic and thermodynamic
barrier to presynapsis by modifying the structure of ssDNA
within gp32-ssDNA complexes in a way that favors displacement
of gp32 by uvsX protein (12). Within a tripartite uvsY-gp32-
ssDNA complex, gp32-ssDNA interactions are destabilized as
evidenced by their increased sensitivity to disruption by salt. The
destabilization of gp32-ssDNA interactions is postulated to arise
through a disruption of gp32 neighbor-neighbor cooperative
interactions, perhaps caused by a wrapping of the ssDNA around
a uvsY hexamer (Fig. 2 A). Disruption of gp32’s cooperativity

Fig. 1. T4 in vitro system for RDR. Step 1: The 39 end of linear ssDNA primer (blue) invades homologous dsDNA template (red) in reaction catalyzed by uvsX
recombinase and stimulated by uvsY and gp32. Step 2: DNA polymerase holoenzyme uses primer terminus in D loop to initiate leading strand synthesis. Reaction
requires a functional T4 DNA helicase (either dda or gp41ygp59). Branch migration of the trailing junction displaces the daughter strand from the template,
leading to conservative (a.k.a. bubble migration) DNA synthesis. Step 3: Strand-specific assembly of functional primosome (gp41 helicaseygp61 primase) on
displaced strand of D loop, a reaction requiring gp59. Lagging strand synthesis within the ‘‘bubble’’ reconstitutes a semiconservative replication fork, freezes
branch migration and halts bubble migration synthesis.

Table 1. Protein affinity chromatography of T4 Gp46, Gp47,
and UvsY

Eluting protein

gp46 gp47 uvsY

gp46-agarose ND ND 0.2 M
gp47-agarose 0.6 M ND 0.2–0.6 M
uvsY-agarose 0.2–0.6 M 0.2–2.0 M ND
BSA-agarose FT FT FT

Details of the expression, purification, and characterization of T4 gp46 and
gp47 proteins will be published elsewhere. Gp46 and gp47 protein bind to
each other and to the uvsY protein. NaCl concentrations required for elution
of various protein species from indicated affinity column are listed. FT denotes
elutes in flow-through (buffer with 0.05 M NaCl). ND denotes not determined.
Protein affinity columns were made and chromatography experiments were
conducted as described (21). Column running buffer contained 20 mM TriszHCl
(pH 8.1), 1 mM EDTA, 5 mM 2-mercaptoethanol, 5 mM magnesium chloride,
and 10% (wtyvol) glycerol, plus either 0.05, 0.2, 0.6, or 2.0 M NaCl in successive
elution steps with all other buffer components being identical.
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would greatly increase the probability of uvsX protein locally
displacing gp32 to nucleate presynaptic filament formation
(12, 13).

Stabilization of uvsX-ssDNA presynaptic filaments is another
important function of uvsY (9). UvsX-ssDNA filaments are
markedly more resistant to disruption by elevated salt concen-
trations in the presence of uvsY than in its absence. This effect
appears to require direct interactions between uvsY and uvsX.
Evidence suggests that uvsY significantly slows the dissociation
of uvsX from ssDNA that normally occurs after ATP hydrolysis

by the recombinase. As a consequence, uvsX-catalyzed DNA
branch migration, believed to be coupled to its ATPase-driven
ssDNA associationydissociation cycle, is inhibited by uvsY (14).
Thus uvsY paradoxically stimulates the presynapsis and synapsis
phases of homologous recombination while inhibiting the branch
migration phase. It has been proposed that this inhibition
necessitates the action of a DNA helicase to complete branch
migration (14). A further consequence of uvsY’s stabilization of
uvsX-ssDNA is that it effectively sequesters ssDNA in the
filament from replication proteins that must interact with
ssDNA for their function. This issue will be explored in a later
section.

The stoichiometry of uvsX-uvsY interactions in the presyn-
aptic filament has been a matter of some debate. Biochemical
data indicate that uvsX and uvsY form an equimolar complex in
solution (unpublished results), and in many assays the stimula-
tion of uvsX activities by uvsY appears to saturate at a uvsYy
uvsX ratio of '1, suggesting that uvsY can interact with uvsX
throughout the presynaptic filament (5, 9–11). The in vivo ratio
of uvsYyuvsX appears to be much less than 1, however (15). This
observation, coupled with in vitro evidence that uvsY stimulates
strand exchange and RDR reactions at low uvsYyuvsX ratios (5,
10), indicates that the physiologically relevant mode of uvsY
action likely involves the nucleation of long uvsX-ssDNA fila-
ments from one or a few bound uvsY hexamers as depicted in
Fig. 2 A. This does not eliminate the possibility that uvsY and
uvsX engage in 1:1 interactions locally within a nucleation
complex.

Is Presynapsis Coupled to the Nucleolytic Resection of
dsDNA Ends?
39 ssDNA tails generated during T4 origin-dependent replication
are natural primers for RDR because the presence of homology

Fig. 2. (A) Biochemical model for uvsY-mediated assembly of the T4 presynaptic filament. Step 1: Hexameric uvsY protein binds to gp32-ssDNA complex and
destabilizes gp32-ssDNA interactions. Step 2: UvsX recombinase is recruited to the uvsY-gp32-ssDNA intermediate and locally displaces gp32 to nucleate a
filament. Step 3: UvsX-ssDNA filament assembly propagates in the 593 39 direction while displacing gp32. (B) Hypothetical model for presynapsis coupled to
gp46y47-catalyzed resection of a DSB. Step 1: DSB is resected in 59 3 39 direction by gp46y47 exonuclease activity, generating a 39 ssDNA tail. Gp46y47
simultaneously recruits uvsY protein, which in turn recruits uvsX. Step 2: Ongoing recruitment of uvsX by gp46y47 1 uvsY leads to continuous presynaptic filament
formation as the ssDNA tail is exposed by nuclease action, preparing the tail for immediate entry into RDRydouble-strand break repair processes.

Table 2. Assay for exonuclease activity of Gp46 1y2 Gp47

Protein Label % Label retained

Substrate 5 uniformly 32P-labeled linear dsDNA
None (ctrl) Uniform 100
gp47 Uniform 100
gp46 Uniform 44
gp46 1 gp47 Uniform 14

Substrate 5 59 or 39 32P-labeled linear dsDNA
gp46 39 96
gp46 59 38

Gp46 is a 593 39 exonuclease and is stimulated by gp47. Either 20 mgyml
gp46 alone, 20 mgyml gp47 alone, or 20 mgyml gp46 1 20 mgyml gp47 was
incubated with 20 mM (nucleotides) of a PCR-generated blunt-ended 0.9-kb
dsDNA fragment uniformly labeled with a-[32P]-dTTP. Reaction buffer con-
tained 20 mM Tris-acetate (pH 7.4), 10 mM magnesium acetate, and 90 mM
potassium acetate. Constant salt conditions were maintained by adding pro-
tein storage buffers to reactions in appropriate amounts. Reactions (45 ml)
were incubated at 37°C, and a 10-ml aliquot was removed at t 5 5 min and
tested for acid-insoluble counts as described (4). For 59 or 39 32P-labeled linear
dsDNA, reactions contained 2 mgyml gp46 and DNA consisting of EcoRI-
linearized M13mp19 dsDNA labeled with [32P] at either its 39 or 59 end by using
standard methods.
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is guaranteed by the terminal redundancy of T4 DNA (2, 3).
Several other mechanisms exist for 39 tail generation, including
nucleolytic resection of DNA double-stand breaks (DSBs). It is
clear that such breaks can generate primers for T4 RDR, because
DSBs induced in vivo are repaired by a mechanism that is
essentially indistinguishable from RDR (16, 17). Both DSB
repair and ‘‘normal’’ RDR processes depend on the T4 gp46 and
gp47 proteins. These proteins are proposed components of a
multisubunit exonuclease involved both in recombinationy
replication and degradation of the E. coli chromosome after T4
infection (18). Recently, our laboratory overexpressed, purified,
and began characterization studies of gp46y47 (details to be
published elsewhere). Preliminary results revealed two impor-
tant properties of gp46y47 germane to this article (Tables 1 and
2): The complex contains a 59 3 39 exonuclease activity, and it
interacts specifically with the uvsY protein. The 59 3 39 exo
activity makes this enzyme a strong candidate for the resection
activity that generates 39 ssDNA-tailed primers for T4 DSB
repair and other RDR processes.

The observation of a strong protein–protein interaction be-
tween gp46y47 and uvsY raises another intriguing possibility:
that nucleolytic resection of DSBs is directly coupled to the
assembly of a presynaptic filament on the remaining strand. A
hypothetical model for this process is shown in Fig. 2B. Here, as
gp46y47 resects a DSB it simultaneously recruits uvsY, which in
turn recruits uvsX, so that the expanding 39 ssDNA tail is
immediately sequestered in a presynaptic filament without need
for a gp32 binding step. This coupling mechanism would ensure
a high probability that the resected end would invade a homol-
ogous duplex and prime RDR, thus repairing the DSB by a
copy-choice mechanism. In summary, in addition to resecting
dsDNA ends, by interacting with uvsY gp46y47 may further
stimulate RDR by ‘‘loading the loader’’ of the T4 presynaptic
filament. This model is reminiscent of one proposed for
RecBCD-facilitated loading of RecA protein onto ssDNA gen-
erated during RecBCD-catalyzed exonucleolytic processing of
dsDNA (19). Further experimentation is needed to test the
hypothetical model in Fig. 2B.

Mechanism of DNA Helicase Loading by Gp59
Gp59 stimulates DNA synthesis by the T4 replisome by helping
to load the replicative DNA helicase, gp41, at the replication fork
(20). The biochemical properties of gp59 include the following
(20–27): Gp59 exists in solution and crystallizes as a 26-kDa
monomer. The x-ray crystal structure reveals two globular,
largely alpha-helical domains separated by a hinge region. The
N-terminal domain exhibits structural homology with a family of
eukaryotic HMG-I proteins. Gp59 exhibits several DNA binding
modes including cooperative, sequence-nonspecific binding to
ssDNA, sequence-nonspecific binding to duplex DNA, and
structure-specific binding to fork and cruciform DNAs. Gp59
binds specifically to and modulates the enzymatic properties of
the gp41 helicase. It also binds specifically and with very high
affinity to gp32, forming stable contacts primarily with the
acidic, C-terminal domain of the latter (the so-called ‘‘A-
domain’’ of gp32). Gp59 is capable of binding to gp41 and gp32
simultaneously, suggesting an adapter function for gp59.

Gp59 is essential for loading gp41 helicase onto ssDNA
molecules saturated with cooperatively bound gp32 (20–22). The
‘‘target’’ for helicase loading appears to be a critical cluster of
gp32 and gp59 molecules colocalized on ssDNA. Tripartite
gp59-gp32-ssDNA complexes have a condensed and beaded
appearance in electron micrographs that is quite distinct from
the relatively smooth filaments formed by either protein alone on
ssDNA (28). It is interesting to speculate that one ‘‘bead’’
structure represents one functional helicase recruitment site.
Within the tripartite complex, gp59-gp32 interactions appear to
alter the DNA binding properties of both proteins. Gp32-ssDNA

interactions are destabilized in the presence of gp59, suggesting
a mechanism for gp59-mediated displacement of gp32 by in-
coming gp41 (Fig. 3). This model is very similar to the one
proposed for the uvsXyuvsYygp32 presynapsis system (see Fig.
2A). Additional complexity in the helicase loading system is
indicated by the fact that binding of the A-domain fragment of
gp32 to gp59 weakens the latter’s interactions with both ssDNA
and fork DNA species (ref. 28; T.W. and S.W.M., unpublished
work). Clearly, gp59 and gp32 have a complicated interrelation-
ship that affects helicase assembly. The importance of this issue
to the T4 RDR system is addressed below.

In the absence of gp32, gp59 is capable of recruiting the gp41
helicase onto specific DNA structures including forks and cru-
ciforms (26). It is attractive to speculate that gp59 could target
helicase assembly directly to a replication fork or a recombina-
tion intermediate. The latter could be important for DNA
branch migration given that this phase of uvsXyuvsY-initiated
recombination may be helicase-dependent under some condi-
tions (see above). In the case of the replication fork, the forked
DNA structure itself could provide a nucleation site for the
formation of a cooperative cluster of gp59 and gp32 molecules,
thereby reconstituting a helicase assembly site directly coupled
to a nascent replication fork (Fig. 3). However the significance
of structure-specific helicase loading is unclear because it ap-
pears that interactions with gp32 may attenuate at least some of
gp59’s structure-specific DNA binding activities (T.W. and
S.W.M., unpublished work), and because gp59-dependent pri-
mosome loading is strongly inhibited when the target strand has
bound uvsX and uvsY (see below).

Suppression of Gp59-Dependent Primosome Assembly by
UvsXyUvsY
Gp59 is essential for RDR in vivo. Studies of gp59 activity in the
T4 RDR in vitro system demonstrated that gp59 is necessary
in addition to gp41 helicase and gp61 primase for reconstitut-
ing the lagging strand synthesis component of the reaction
(J. Barry, M. L. Wong, and B. Alberts, personal communica-
tion; reviewed in ref. 2). UvsX protein was shown to inhibit the
gp41 helicase, thereby preventing primosome function and
lagging strand synthesis (4). Experiments conducted by Jack
Barry and Bruce Alberts (personal communication) first re-
vealed that uvsX-ssDNA filament formation interferes with
gp41 helicase assembly and primosome function on ssDNA,
even in the presence of gp59. Instead, in the presence of uvsX
protein, helicase assembly and primosome function require
gp32 in addition to gp59. This effect is reproduced in the
experiment shown in Table 3, wherein the ability of the T4
primosome (gp41 1 gp61 6 gp59) to prime DNA synthesis on
ssDNA circles is tested in the presenceyabsence of bound gp32,
uvsX, andyor uvsY. Under the reaction conditions used in
Tables 3 and 4, priming on naked ssDNA circles (no gp32,
uvsX, or uvsY) occurs readily and is not gp59-dependent,
although gp59 stimulates the reaction moderately (ref. 20;
unpublished results). However, there is a strong requirement
for gp59 to stimulate priming activities on ssDNA saturated
with gp32 (Table 3, experiment 1). In contrast, priming activity
is completely inhibited when uvsX protein saturates ssDNA in
the absence of gp32, and gp59 cannot rescue priming activity
under these conditions (Table 3, experiment 2). But when uvsX
and gp32 are simultaneously present at ssDNA-saturating
concentrations, a minute amount of priming activity is seen in
the absence of gp59, and the addition of gp59 strongly stim-
ulates priming (Table 3, experiment 3). This study reproduces
the findings of Barry and Alberts and supports their conclusion
that gp59 targets helicase and primosome assembly onto
patches of gp32 that interrupt uvsX-ssDNA filaments.

We next addressed the question of how uvsY protein affects
the priming reaction. When gp32 saturates the ssDNA and no

Bleuit et al. PNAS u July 17, 2001 u vol. 98 u no. 15 u 8301

CO
LL

O
Q

U
IU

M



uvsX is present, uvsY has little effect on priming activity, and a
strong stimulation of the reaction by gp59 is still observed (Table
3, compare experiments 1 and 4). When uvsX protein saturates
the ssDNA and gp32 is absent, complete inhibition of priming is
observed independent of uvsY or gp59 (Table 3, experiments 2
and 5). But when uvsX and gp32 are simultaneously present at
ssDNA-saturating concentrations, the presence of uvsY protein
almost completely suppresses the ability of gp59 to rescue
priming activity (Table 3, compare experiments 3 and 6). These
results suggest that by helping uvsX protein displace gp32 and
saturate the ssDNA, uvsY protein effectively precludes the
assembly and activity of the T4 primosome. The uvsY concen-
tration used in Table 3 (experiments 4–6) was 1.2 mM, which is
50% saturating with respect to potential ssDNA binding sites (7)
and a 4.2-fold molar deficit with respect to uvsX protein. UvsY’s
suppression of priming activity in the presence of uvsX, gp32,

and gp59 proteins depends strongly on the concentration of uvsY
(Table 4). The lowest concentration tested at which complete
inhibition of priming was observed was 1.2 mM uvsY, the
concentration used in Table 3. Approximately 50% inhibition of
priming is seen at 0.6 mM uvsY, which is only 25% saturating with
respect to ssDNA and an 8.4-fold molar deficit with respect to
uvsX. These results indicate that the suppression of gp59-
dependent priming by uvsXyuvsY does not require saturation of
the presynaptic filament with uvsY.

Enzyme Partitioning Is Orchestrated by RMPs
The suppression of gp59-dependent primosome function by
uvsXyuvsY (Tables 3 and 4) suggests a mechanism for the
strand-specific synthesis of Okazaki fragments observed in the
T4 RDR in vitro system (see Fig. 1). A model for this reaction
based on enzyme partitioning orchestrated by the T4 RMP
proteins, uvsY and gp59, is shown in Fig. 4. Here, uvsY helps
maintain the saturation of ssDNA 59 of the trailing junction with
uvsX protein by promoting the displacement of gp32. This
effectively denies gp59 the opportunity to assemble primosome
on this strand. Instead, primosome assembly is directed via
gp59-gp32 interactions to the displaced strand of the D-loop
recombination intermediate, which is destined to become the
lagging strand template of a semiconservative replication fork
(Fig. 4). Kodadek (29) observed that gp32 promotes uvsX-
catalyzed DNA strand exchange reactions by binding to and
sequestering the displaced strand of the D loop. Therefore the
displaced strand of the D-loop structure that initiates RDR is

Fig. 3. Biochemical model for gp59-mediated helicase assembly at T4 rep-
lication fork. Step 1: Nascent strand-displacing replication fork (DNA poly-
merase holoenzyme plus gp32). Cluster of gp32-gp59 complexes is incorpo-
rated at growing end of gp32 lagging-strand complex. Affinity of gp59 for
fork DNA may help nucleate the cluster. Step 2: Gp59 recruits dimers of gp41
helicase to the cluster and promotes displacement of gp32. Step 3: Gp59
stimulates ATP binding by gp41, triggering ring-hexamer formation by the
helicase. Gp41-gp59 complex translocates with the replication fork, ready to
recruit primase.

Table 3. Effects of Gp32, Gp59, UvsX, and UvsY proteins on
primosome-initiated DNA synthesis reactions

Expt. gp32 uvsX uvsY

DNA synthesis (pmol)

2 gp59 1 gp59

1 1 2 2 1.8 8.4
2 2 1 2 0.0 0.1
3 1 1 2 0.5 5.1
4 1 2 1 3.2 9.7
5 2 1 1 0.1 0.1
6 1 1 1 0.1 0.4

T4 replication and recombination proteins and M13mp19 ssDNA circles
were purified as described (21, 31–34). Assays for de novo priming of DNA
synthesis on ssDNA circles were carried out as follows: Reactions (15 ml) were
carried out at 37°C, and each contained 20 mM Tris-acetate (pH 7.4), 10 mM
magnesium acetate, 90 mM potassium acetate, 100 mgyml BSA, 0.5 mM DTT,
10 mM creatine phosphate, 10 mgyml creatine phosphokinase, 4 mgyml gp43,
25 mgyml gp44y62, 8 mgyml gp45, 5 mgyml (80 nM) gp41, 0.5 mgyml gp61, 0 or
100 mgyml (0 or 2.9 mM) gp32, 0 or 2 mgyml (0 or 80 nM) gp59, 0 or 220 mgyml
(0 or 5 mM) uvsX, 0 or 20 mgyml (0 or 1.2 mM) uvsY, 2 mM ATP, 2 mM GTP, 150
mM each UTP, CTP, dATP, dGTP, dCTP, and dTTP, 15 mCi a-[32P]-dTTP, and 10 mM
(nucleotides) M13mp19 ssDNA. The presenceyabsence of variable compo-
nents is indicated. Each reaction was initiated by the addition of nucleotides
and ssDNA. After 10 min reaction time, a 9-ml aliquot was removed and
assayed for acid-insoluble [32P] counts as described (4).

Table 4. Effect of UvsY concentration on priming reaction in the
presence of Gp32, Gp59, and UvsX

[uvsY], mM DNA synthesis, pmol

0 8.6
0.3 8.7
0.6 4.1
1.2 0.4
3.1 0.1

Reaction conditions were identical to Table 3, except that each reaction
contained 100 mgyml (2.9 mM) gp32, 2 mgyml (80 nM) gp59, 220 mgyml (5 mM)
uvsX, and the uvsY concentration varied from 0 to 50 mgyml (0–3.1 mM).
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enriched in bound gp32, and more gp32 molecules will be added
to the complex in a 59 3 39 direction as the initial gp32-
dependent strand-displacement synthesis reaction takes place.
Thus gp59 and gp32 may assemble a helicase loading target on
the displaced strand of the D loop via the mechanism shown in
Fig. 3, resulting in the recruitment of gp41 helicase to this strand,
followed by primase to reconstitute an active primosome (Fig. 4).
What keeps uvsYyuvsX from assembling onto the displaced
D-loop strand and competing with gp59ygp41? An attractive
feature of the model in Fig. 2B is that the nuclease-coupling
mechanism could be used to restrict filament assembly to DNA
ends processed by gp46y47. This restriction combined with the
extremely high affinity of gp59 for gp32 protein (27) would help
to ensure that assembly of helicase, not presynaptic filament, is
targeted to the D loop.

It is also possible that uvsXyuvsY interfere with later steps of
primosome assembly or function, e.g., recruitment of primase,
primer synthesis, or extension of primers by DNA polymerase
holoenzyme, and that this interference accounts for some of the
strand specificity of primosome function. Also, because Okazaki
fragment synthesis on the displaced D-loop strand arrests branch
migration and bubble migration synthesis (J. Barry, M. L. Wong,
and B. Alberts, personal communication), it appears likely that
any helicase acquired by the trailing junction is forced to
dissociate once it encounters the lagging strand duplex. These
and other questions about our partitioning model (Fig. 4) remain
to be addressed experimentally.

The role of uvsY protein in helping to enforce the strand
specificity of lagging strand synthesis during T4 RDR may
provide a functional rationale for the uvsY paradox mentioned
previously: Why does this protein stimulate the presynapsis and
synapsis phases of recombination but inhibit branch migration?
We suggest that uvsY may have evolved to optimize the initiation
of RDR by rapidly promoting the sequestration and strand
invasion of 39 ssDNA tails by uvsX protein, while effectively
stabilizing the resulting D-loop structures from untimely reso-

lution either by uvsX-catalyzed branch migration or by the
activity of helicases such as gp41. Thus by stabilizing filaments
and inhibiting branch migration, uvsY may increase the lifetimes
of strand invasion products so that the likelihood of initiating
RDR increases at the expense of potential antirecombination
activities. This strategy makes good sense for T4 replication,
because the phage relies heavily on RDR to replicate its genome
as well as on recombinational repair pathways such as DSB
repair that use RDR mechanisms.

Bubble Migration: A Mechanism for Lesion Bypass?
Some important questions remain about the mechanism of T4
RDR. Is there a biological function for the bubble migration
mode of RDR shown in Fig. 1? The observations of J. Barry,
M. L. Wong, and B. Alberts (personal communication) indicate
that this mode shuts down rapidly once lagging strand synthesis
begins. Yet, in the absence of primase, gp41ygp59 are apparently
able to promote this reaction. The observations that gp59 can
recruit gp41 helicase onto three-stranded junctions and promote
branch migration (14, 26) suggest that under some conditions
(i.e., a delay in lagging strand synthesis, such as might occur on
heavily damaged templates) gp41ygp59 might help bring about
a bubble migration reaction. Bubble migration synthesis has
been proposed both as a mechanism for DSB repair and for
replicative bypass of DNA lesions by a copy-choice mechanism
(4). Evidence for the latter reaction occurring in one version of
the T4 RDR in vitro system is presented in Fig. 5.

An assay for ‘‘template switching’’ of RDR in response to a
DNA lesion was designed; the DNA primer and template
system is shown in Fig. 5A. Here, priming of RDR by a specific
ssDNA oligonucleotide on a damaged template containing a
site-specific psoralen adduct would generate a ‘‘stall’’ product
of known length when the replication bubble stalls at the
adduct. To this system was added a homologous rescue tem-
plate—a restriction fragment overlapping and homologous to
the region surrounding the psoralen adduct in the damaged

Fig. 4. Enzyme partitioning model for strand-specific priming of Okazaki fragments during T4 recombination-dependent replication. Step 1: Gp32 sequesters
the displaced strand of the D loop after uvsX-catalyzed invasion of the primer strand. A cluster of gp32-gp59 complexes forms on the displaced strand as shown
in Fig. 3. The invading strand ssDNA 59 of the trailing junction remains sequestered by a uvsY-stabilized uvsX-ssDNA presynaptic filament. Gp41 helicase assembly
therefore is directed to the gp32ygp59-enriched D-loop ssDNA and is precluded from the invading strand. Step 2: Recruitment of primase by the gp41 helicase
reconstitutes lagging strand synthesis and a normal semiconservative replication fork specifically from within the D-loop bubble.
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template. The chosen primer cannot initiate RDR on the
homologous rescue template directly. But if RDR primed on
the damaged template could switch templates after stalling at
the lesion, it should generate a longer ‘‘switching’’ product of
discrete length, caused by run-off synthesis on the homologous
rescue template. Results are shown in Fig. 5B. In a complete

reaction containing both homologous templates and primer,
and performed under conditions that support bubble migra-
tion synthesis (but not semiconservative synthesis) by the T4
RDR in vitro system, discrete bands appear at both the stall
and switching positions (Fig. 5B, lane 2). Therefore template
switching works under these conditions. A faint third band
higher on the gel represents ‘‘read-through’’ synthesis, due
either to translesion synthesis by polymerase or the loss of
adduct from a fraction of the damaged templates. The control
reaction in Fig. 5B, lane 3 shows that no stall, switching, or
read-through bands occur when a pBR322 template is substi-
tuted for the damaged template, consistent with the inability
of the primer molecule to prime RDR on a heterologous
template. The control reaction in Fig. 5B, lane 4 shows that no
switching product, or anything resembling a switching product,
occurs when a pBR322 fragment of similar length is substituted
for the homologous rescue template. Other results prove that
template switching is uvsX-dependent (data not shown).
Therefore homologous recombination is a requirement for
template switching. The experiment in Fig. 5C demonstrates
that the template switching reaction strongly depends on the
presence of the psoralen adduct on the damaged template.
Therefore polymerase stalling at a lesion in the template
appears to trigger template switching. However, we noted that
under some conditions there can be a relatively high occur-
rence of template switching that is homology-dependent but
damage-independent (data not shown), suggesting that other
factors such as stalling of polymerase at DNA secondary
structure or at specific sequences in the template also may
trigger template switching. Also, template promiscuity may be
a general feature of bubble migration synthesis because branch
migration may occasionally overtake the replication fork and
displace the 39 end of the daughter strand (4).

The results in Fig. 5 appear to support the proposal by
Formosa and Alberts (4) that bubble migration synthesis could
provide a mechanism for displacing the 39 end of a lesion-
stalled daughter strand, via branch migration from the trailing
edge of the bubble. The liberated ssDNA 39 end could then
serve as a primer for a new round of RDR on a homologous
but undamaged template, effectively bypassing the lesion by an
error-free, copy-choice mechanism. Conceivably, this mecha-
nism could play a role in T4 recombination repair pathways
such as multiplicity reactivation (30). To date, efforts to
observe lesion bypass of this type in a semiconservative RDR
reaction have been unsuccessful. The inability of the semicon-
servative system to support DNA branch migration into the
lagging strand duplex appears to be the problem. Perhaps
further research will turn up new enzyme activities that
promote this reaction, or perhaps other processes such as DSB
repair will turn out to be a more general repair mechanism for
stalled replication forks of all varieties.
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